We present a high-numerical aperture, doublet microlens array for imaging micron-sized objects. The proposed doublet architecture consists of glass microspheres trapped on a predefined array of silicon microholes and covered with a thin polymer layer. A standard silicon microfabrication process and a novel fluidic assembly technique were combined to obtain an array of 56 μm diameter microlenses with a numerical aperture of ~0.5. Using such an array, we demonstrated brightfield and fluorescent image formation of objects directly on a CCD sensor without the use of intermediate lenses. The proposed technology is a significant advancement toward the unmet need of inexpensive, miniaturized optical modules which can be further integrated with lab-on-chip microfluidic devices and photonic chips for a variety of high-end imaging/detection applications.
Introduction
Modern optical imaging-based research and industrial systems rely on the use of bulky and expensive objective lenses. Despite their superior performance in resolving submicron features under low-light conditions, these lenses can detect only one sample at a time (which lies within their field of view (FOV)), while manufacturing limitations do not allow miniaturization and integration with emerging micromachined devices, including miniature CCD sensors [1] , photonic chips [2] and microfluidic biochips [3] . The development of onchip lens-based optical modules entails the miniaturization of these lenses while maintaining superb imaging quality. Such miniaturized, typically microfabricated lenses (also known as 'microlenses') can be used in displays [4] [5] [6] , for optical coupling [7] [8] [9] and surface microstructuring [10] as well as in various biomedical imaging applications [11] [12] [13] .
A number of microlens microfabrication approaches have been proposed over the past three decades. Photoresist reflow and transfer methods are the earliest methods for fabricating microlenses [14] [15] [16] . These microlenses have a low light collecting capability (indicated by a low numerical aperture (NA)) and are unable to form a resolved image of weakly lightemitting micron-sized objects. A modified approach called the boundary confined method has been proposed to obtain high-NA (NA ~ 0.54) microlenses [17] . Similar to other photoresist reflow approaches, this method requires accurate control of the surface tension of the photoresist-substrate interface. Ink-jet printing of UV-curable polymers has been another approach for fabricating microlens arrays [18, 19] . This method requires an expensive setup for accurately dispensing a polymer on a rigid substrate. Recently, fabrication of high-NA (NA ~ 0.37) microlens arrays using ink-jet printing of UV-curable polymers on hydrophobic glass substrates has been reported [20] . These processes require an elaborate control of the material properties (viscosity, surface tension) of the polymer as well as of the hydrophobicity of the substrate surface. Microfabrication of high-NA microlenses has also been proposed using focused ion beam milling and femtosecond laser direct writing technologies [21, 22] . These microfabrication processes are serial processes and require expensive equipments and experienced personnel. Soft lithography-based approaches in which optical materials are molded against rigid and elastomeric molds to obtain microlenses have also been demonstrated [23, 24] . These methods are simple to implement but the microlens quality is strongly dependent on the surface finish of the mold. Alternatively, planar, polymer-based arrays of microlenses can be microfabricated by UVassisted curing of microfluidic networks [25] . These planar microlenses have a relatively high NA (NA ~ 0.3) when compared to other planar microlenses but are not amenable to an easy integration with other optical and microfluidic devices.
High-NA (NA ~ 0.64) spherical microlenses have also been microfabricated by injecting SU-8 photoresist through microfabricated nozzles and utilizing surface tension to form micro-balls [26] . These microlenses largely vary in size due to fluctuations in the injection pressure and the contact angle between the photoresist and the substrate. Another process for spherical microlens fabrication involves polymer molding against isotropically etched silicon master molds [27] . The surface quality of the mold is highly dependent upon the precise balance of reagents used to etch the master mold. Finally, a number of high-NA, spherical microlens fabrication approaches employing the use of glass or polystyrene microspheres have been proposed [28, 29] . However, none of these microlenses have been shown to form the image on their own on an imaging sensor without the aid of additional optical elements. Several microlenses have been proposed for amplifying the light signal on the imaging sensor, hence increasing the effective NA of the imaging system [30] [31] [32] [33] [34] [35] . However, all these approaches involve the use of macroscopic lenses in addition to the microlens arrays for image formation on the imaging sensor.
We propose a novel microfabrication approach for obtaining low-cost, high-NA arrays of doublet microlenses for imaging micron-sized objects without the need of any additional lenses. These microlenses are made out of glass microspheres with a transparent polymer spun on them. Planarizing one side of the microlenses with a transparent polymer layer enables an easy integration of the microlens array with lab-on-chip devices and other photonic chips. The microlens array is microfabricated using a combination of silicon micromachining, soft lithography and fluidic assembly. To our knowledge, this is the first demonstration of magnified image formation on a CCD sensor using a microlens array without use of intermediate lenses. An array of these doublet microlenses has the following advantages: (i) equivalent optical performance (resolution, NA) to a conventional microscope objective, (ii) simultaneous imaging of a large number of objects, (iii) easy integration with other micromachined modules, including microfluidic and optical chips, (iv) direct image formation on an imaging sensor without any extra lenses and (v) low microfabrication cost. With these advantages, we believe the proposed technology can be readily employed for applications involving imaging of micron-sized objects.
Design and microfabrication of the doublet microlens array
The proposed doublet microlens array consists of glass microspheres, fluidically assembled on top of an array of wafer-through microholes (figure 1). The microhole array captures/ places the microspheres in a predefined pattern, while it creates a clear optical path for the collected light to reach the imaging sensor. The microlens array collects light originating from micron-sized objects and forms an image of these objects on the imaging sensor. It is intended to function as a magnifying lens: objects placed at a plane slightly below the focal plane of the microlens array appear magnified at the imaging sensor. To ensure that the magnified image is in focus on the plane of the sensor the sensor's spatial position has to be adjusted in the vertical direction using a translational manipulator.
The microfabrication of the doublet microlens array involves three steps (figure 2): (i) microfabrication of the microhole array, (ii) assembly of glass microspheres on the array and (iii) spinning of a polymer layer on the captured microspheres to form the doublet microlenses. Specifically, a 2 μm thick PECVD silicon dioxide layer is initially deposited on an ~500 μm thick silicon substrate. An array of 56 μm diameter microholes is then patterned and etched on the oxide layer using standard photolithography and reactive ion etching (RIE). Deep reactive ion etching (DRIE) is further employed to fabricate wafer-through circular microholes in the silicon substrate. Subsequently, the silicon substrate is thinned down to 200 μm using a combination of lapping and chemical-mechanical polishing (CMP). An aqueous solution containing glass microspheres (60 μm nominal diameter, refractive index 1.51 at a wavelength of 589 nm; catalog no 02718-AB, Structure Probe, Inc.) is then dispensed on the oxide-coated silicon surface. A suction force is subsequently applied from the other side of the substrate to assemble and trap the glass microspheres atop of the microhole array. Doublet microlenses are finally obtained by spinning and curing (65 °C, 1 h on a hot plate) an ~75 μm thick (spun at 1600 rpm) layer of polydimethylsiloxane (PDMS) elastomer on top of the array.
Results and discussion
We performed optical simulations using OSLO software to ascertain the effective focal length (EFL) of the fabricated microlenses (for all simulations, we assumed a wavelength of 580 nm). We defined the microlens EFL as the distance between the best focused plane of a collimated light beam passing through a doublet microlens and the silicon dioxide-coated wafer surface ( figure 1(C) ). A refractive index of 1.41 and 1.51 was used for the PDMS and the glass microspheres, respectively. EFL values of 65-75 μm were obtained for glass microspheres ranging 57-63 μm in diameter. Experimental EFL values were obtained for individual microlenses in the array using collimated white light (see [25] for details on the experimental setup used to measure the EFL). The EFL measurement process involved obtaining the best focused plane by capturing a stack of images along the microlens axis and finding the plane with the maximum light intensity. A 40× (0.6NA) microscope objective was used to image the best focused plane. EFL values measured for 20 microlenses in the microlens array varied from 63 to 71 μm. These values correlated strongly with the EFL range obtained from optical simulations. Such a variation on the measured EFL between microlenses can be attributed to variations of the microsphere diameter (5%, given by the manufacturer). We also performed optical simulations to assess the dependence of the EFL on the PDMS curing conditions (temperature, time) as those are known to affect the PDMS refractive index [36] . For two extreme curing cases (48 h at 25 °C, and 1 h at 150 °C), the EFL was found to change by less than 1 μm (assuming a change in the PDMS refractive index from 1.416 to 1.472 [36] ). These results show that the EFL of our microlenses is not significantly affected by the PDMS curing conditions. Furthermore, we used optical simulations to estimate the NA of the doublet microlenses as a function of microhole diameter (a) to microsphere diameter (r) ratio (figure 3). For our fabricated microlenses (a = 56 μm, r = 60 μm, a/r = 0.93), a NA of 0.495 was obtained. This NA value is very close to the maximum theoretical NA value (0.53, a/r = 1.0) achievable using this microfabrication method. It should be emphasized that objectives with a NA of 0.35-0.4 are commonly used in microscopy for imaging cells and tissues [37] .
To measure the depth of focus (DOF) of the doublet microlenses, we obtained the axial light intensity profile of a collimated light beam that was focused through the microlens array (figure 4). The collimated light beam was generated by placing a point source of light (a halogen lamp) 25-30 cm away from the microlens array. The average light intensity was obtained for imaging planes above and below the best focused plane (the focal plane) and normalized with respect to the average light intensity at the best focused plane (that corresponded to the maximum average intensity). Intensity values for all imaging planes were background-corrected. The DOF of the fabricated doublet microlenses (a/r = 0.93, NÃ 0.495) was estimated to be ~3.6 μm [38] . Within this distance, the average light intensity decreased by 2% from its maximum value (at the best focused plane).
Low (4×) and high (40×) magnification measurements were taken from a 4 × 4 microlens array and from a single microlens respectively to obtain the point spread function (PSF) (figure 5). The 4 × 4 array had 16 spatially distinguishable intensity peaks ( figure 5(A) ), observed at the center of each microlens. The average value of the normalized intensity from those 16 peaks was 82.3% (standard deviation 19.6%), ranging from 44% to 100% between individual microlenses. This non-uniformity in the peak values can be attributed to the EFL variation discussed earlier in this section.
As described above, a major advantage of the proposed microlens array is its capability to form an image directly on an imaging sensor without intermediate lenses. To demonstrate the image formation capability and magnification achieved using these microlenses, we used a microlens array to image resolution patterns etched on a chrome layer, deposited on a glass substrate (figure 6). A 640 × 480 CCD sensor chip (5.6 μm pixel size), dismantled from a web camera (Logitech QuickCam 3000), and a custom experimental setup utilizing x-, yand z-axis manipulators were used to acquire images and to align the patterns-microlens assembly with the imaging sensor chip ( figure 6(A) ). A white light source was used to illuminate the resolution patterns. In this brightfield, transmission imaging mode, the microlens array was able to resolve various 1 and 2 μm resolution patterns (figure 6(B)(I)-(III)). The theoretical resolution was calculated to be 0.45-0.71 μm (for a 450-700 nm wavelength) [38] .
We also demonstrated the use of these microlenses for fluorescent imaging of micron-sized objects. We obtained a magnified, fluorescent image of a 4 μm diameter polystyrene bead (excitation peak 505 nm, emission peak 515 nm, catalog no F-8859, Invitrogen, Inc.) using a slightly modified setup for fluorescence imaging ( figure 6(B)(IV) ). The fluorescent beads were illuminated with blue light obtained after passing white light (originated by a halogen lamp) through an optical band-pass filter (XF1073 475AF40; Omega Optical). A thin (~100 μm) long-pass emission filter (Yellow 12 Kodak Wratten color filter) was inserted between the microlens array and the CCD sensor to block the excitation light. The fluorescent image obtained for the bead was magnified by a factor of ~6. At this 6× magnification, a 56 μm diameter microlens (with a 60 μm microsphere) is estimated to have a FOV of ~9.3 μm (FOV = microhole diameter/magnification). The dimensions of the objects used for brightfield and fluorescence imaging correspond to an average cell diameter (e.g. blood cell) and hence the above imaging results validate the potential use of these microlenses for imaging biological micron-sized objects (cells, tissues, etc) directly on a CCD sensor.
Conclusions
We have proposed a novel doublet microlens array microfabrication approach for the direct visualization of micron-sized objects. Using these microlenses we have demonstrated direct image formation on a CCD sensor without additional optical elements. These microlenses resolved 1 μm resolution patterns and had a NA of ~0.495. As a result, they can be considered as miniaturized microscope objectives and they provide a cheaper alternative for bulky and expensive microscope optics. They can readily find biomedical applications in imaging of cellular and subcellular components. Integration of this micro-optical module with various photonic and microfluidic devices will pave the way for the development of next generation of integrated biomedical imaging devices. Microfabrication process of the doublet microlens array. Key concept is the fluidic assembly of glass microspheres (step 4). Simulation results depicting the dependence of the NA on the microhole to microsphere diameter ratio (a/r). A NA value of 0.495 was estimated for our microfabricated microlenses. Normalized intensity (with respect to the background-corrected average intensity at the best focused plane) of a doublet microlens as a function of the axial distance from the best focused plane. The images depict a focused light beam at different axial planes. Scale bar: 10 μm. 
